of timing of exposure. Conclusions: Carotid-femoral PWV in adults is predictive of cardiovascular morbidity and mortality. The degree of continuity between childhood and adulthood PWV is unknown, but as we found an association between prenatal alcohol exposure and carotid-femoral PWV at 9 years, a permanent change in vessel wall structure or function is possible. These findings need to be confirmed in other and larger cohorts, and mechanistic animal studies are needed.
Introduction
High levels of alcohol exposure during gestation can cause fetal abnormalities or disorders described as fetal alcohol syndrome (with some affected children having cardiac malformations), fetal alcohol spectrum disorders, fetal alcohol effects, alcohol-related neurodevelopmental disorder or alcohol-related birth defects [1] . There is increasing concern that exposure to even low levels of alcohol may harm the developing fetus [2, 3] .
There is limited evidence that fetal exposure to alcohol can affect cardiovascular development. In a Finnish study, maternal alcohol consumption during the 1st trimester of pregnancy was more common among the mothers of 50 infants with an atrial septal defect (the common-
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However, no published human studies have examined the relationship between maternal alcohol consumption and cardiovascular function in offspring without malformations. A recent study found that umbilical arteries from babies exposed to low doses of alcohol in utero had reduced contractile responses compared with control arteries, independently of endothelial release of the vasodilators nitric oxide or prostacyclin [5] .
In adults, alcohol intake has been shown to affect pulse wave velocity (PWV), though effects have been variable [6] [7] [8] [9] [10] . Carotid-femoral PWV is a non-invasive measure and is the 'gold standard' for arterial stiffness [11] , with higher values representing greater vessel wall stiffness. Arterial distensibility is an important mechanical property of the arterial tree and of particular relevance for cardiac perfusion. Increased PWV is a predictor of cardiovascular morbidity and mortality in adult populations [11] [12] [13] . Schack-Nielsen et al. [14] found that PWV over the aorticfemoral segment in 10-year-old children was positively associated with duration of breast-feeding (faster with longer duration), suggesting that exposures during early development could have a long-term influence on PWV.
We measured blood pressure and PWV in 294 children from 147 twin pairs in Tasmania, Australia, at a mean age of 9 years. Investigation of the relationship between maternal alcohol intake in pregnancy and these measures was not an a priori hypothesis, but in light of the evidence above we decided to use our data to examine this relationship. If aortic stiffness at this age were found to relate to an exposure in utero, this would suggest a persisting influence that may affect the individual across their life span. PWV relates to blood pressure [11] , so we also investigated the possibility that any association between maternal alcohol intake and PWV may be mediated via changes in blood pressure.
Methods

Subjects
Children were recruited into the Tasmanian Infant Health Study (TIHS) soon after birth, originally to investigate sudden infant death syndrome. [15] Both TIHS and this current study were approved by the University of Tasmania Human Research Ethics Committee.
Mothers of all live-born children from multiple pregnancies in Tasmania during the years 1988-1995 were approached for participation in TIHS. At an in-hospital interview soon after birth, information about obstetric history, socio-demographic factors and the twin pregnancy were collected from mothers who agreed to join the study. Maternal height, weight at the last measurement before delivery and obstetric data, including gestation length and twin infants' birth weights, were copied from hospital records. Birth weight standard deviation scores (SDS, for gestation and sex) were calculated using British normative data [16] . Women were asked to report their average daily alcohol intake separately for each trimester.
Twin pairs recruited into TIHS during 1991, 1992 or 1993 were eligible for this study if they were still living in Tasmania and both agreed to participate.
Measurements at Follow-Up
Children whose parents had provided written informed consent and who had verbally agreed to the study were asked to fast overnight and then underwent measurements of height and weight, blood pressure and PWV in 2000, 2001 or 2002. Measurements were made at a comfortable indoor temperature by research assistants who had no access to the data which was collected soon after birth.
Blood pressure was measured 3 times using a Critikon Dinamap Pro 100 Monitor (Critikon, Tampa, Fla., USA). Cuff size was selected in accordance with the mid-upper arm girth measurement, and the child was seated with the left arm resting comfortably on a pillow and the elbow approximately level with the heart. The average of 3 blood pressure measurements was used in analyses of systolic and diastolic blood pressures.
PWV was measured using the SphygmoCor Pulse Wave Velocity (Vx) system (AtCor Medical Pty. Ltd., West Ryde, NSW, Australia) [11] , with children lying supine. ECG leads were applied and then pulse pressure waves were detected using applanation tonometers held over 2 superficial artery sites. Integral software measured the time between the tip of the ECG R wave and a specified point on the pulse wave, averaged for all acceptable waveforms over a period of 10 s for each site. The default algorithm measured the time between the tip of the R wave and 10% up from the foot of the flow wave. The difference between the times taken for the pulse wave to reach each of the 2 sites represented the time the pulse wave took to travel between the 2 sites. Thus, if T1 was the time between the tip of the R wave and pulse wave arrival at the proximal site, and T2 the time between the tip of the R wave and pulse wave arrival at the distal site, then T2 -T1 was the time taken by the pulse wave to travel between the proximal and distal sites. The distance between the 2 sites was measured with a non-stretchable tape measure in a straight line, permitting calculation of PWV, the speed at which the pulse wave travelled between the 2 sites.
We measured PWV over 2 arterial segments, between the carotid artery in the neck and the femoral artery in the groin (a measure of aortic stiffness), and over the peripheral arterial segment between the femoral and dorsalis pedis arteries. We planned to obtain each PWV measure 3 times.
Height (with bare feet) was measured using a Leicester Height Measure. Weight in light clothing was measured using Heine Portable Professional Adult Scales that were calibrated daily using known weights. Child BMI was calculated as weight in kg divided by height in metres [2] .
At the time of measurement, we asked mothers to tell us how old their twins were when they stopped breast-feeding.
Statistical Analyses
Characteristics of mothers who drank alcohol in pregnancy versus those who did not were summarised.
We used a mixed-effects regression approach (with random intercept for each twin pair) to estimate the effect of maternal alcohol consumption on child outcomes of interest, allowing for the lack of independence within twin pairs and adjusting for potentially confounding factors [17] . Regression analyses were performed using Stata Software Release 9 (2003; StataCorp, College Station, Tex., USA).
Variables were included in final regression models on the basis of direct estimation of the degree of confounding produced by each variable considered, assessed in terms of the effect estimate rather than on the basis of significance-testing algorithms [18] .
Results
Altogether, 463 children from twin pregnancies were recruited soon after birth into TIHS in 1991, 1992 and 1993. Eleven of these had co-twins who did not survive or were too sick for recruitment as neonates. Of the 226 recruited pairs, 23 had left Tasmania, resulting in 203 eligible twin pairs.
Altogether, 14 pairs could not be traced and 42 pairs did not wish to participate, so 147 of 203 pairs (72%) agreed to participate in this study, comprising 149 boys and 145 girls. Mean age at the time of measurement was 9.0 years.
Mothers of non-participants were younger than participants [mean 28.3 years (SD 5.4) vs. 30.4 (4.6), respectively] and were less likely to have had tertiary education (7 vs. 16%).
Maternal Alcohol Intake
The number of women drinking alcohol during each trimester is shown in figure 1 . There was a high degree of correlation between alcohol consumption in the 3 trimesters (r = 0.87, p ! 0.0001 for the 1st and 2nd trimesters and r = 0.95, p ! 0.0001 for the 2nd and 3rd trimesters). Two women reported drinking an average of 2-3 drinks per day in the 1st trimester, but all other women drank up to 1 drink per day (1-7 drinks per week). No woman reported drinking more than 1-7 drinks per week in the 2nd or 3rd trimesters. Therefore, there was very little scope to examine whether timing of alcohol exposure was important or to examine the possibility of a dose response.
Four women delivered at 28 weeks, so fewer pregnancies are included in the 3rd trimester data, and most delivered before term. Recall of alcohol intake in the immediate postnatal period is possibly more reliable for midto-late gestation than for early gestation. We therefore present data relating to alcohol consumption in the 2nd trimester; the findings for the other trimesters are summarised in the text.
Characteristics of women who drank alcohol during the 2nd trimester versus those of women who abstained are shown in table 1 . Mothers in the alcohol group were lighter than those in the no alcohol group when last weighed in pregnancy, and there was weak evidence that they had a longer gestation ( table 2 , p = 0.06).
Age at follow-up was 9.2 years for children whose mothers drank alcohol versus 8.9 years of age for the others. Altogether, 49% of abstainers' children were boys versus 56% from mothers who drank alcohol.
Child PWV and Blood Pressure
Blood pressure was measured in all of the children, but PWV data were missing for 5 of 294; in one case the ECG leads were incorrectly attached and in another case there Number of women drinking alcohol in each trimester. Arrows denote women changing from one group to another and numbers in circles denote the number of women changing in that direction. * Four women delivered at 28 weeks of gestation. was a software problem. The remaining 3 children declined PWV measurement. Mean (SD) systolic and diastolic blood pressures were 97 mm Hg (12) and 53 mm Hg (7), respectively. Apart from 12 children (5 in the control and 7 in the exposed group), all children had at least 2 PWV measurements. For each child, we calculated the mean of the first 2 measurements, unless there was only one, in which case that value was used in analyses. Mean (SD) PWV values were 6.0 (0.7) m/s for the carotid-femoral segment and 7.4 (1.2) m/s for the femoral-dorsalis pedis segment.
We also calculated mean of all available PWV data for each child. Mean (SD) values were identical to those above.
Potentially Confounding Variables
We examined a number of variables for potential confounding effects on the association between maternal alcohol intake and child PWV. These included maternal weight, whether the mother and/or father had a tertiary education, whether the family owned the house in which they lived, whether these were the mother's first children, how much the mother smoked in pregnancy, gestation length in weeks, sex of the child, whether 1st or 2nd born twin, and age at the time of these measurements.
In mixed-effects regression models, PWV over the carotid-femoral segment was strongly positively related to systolic blood pressure For PWV over the femoral-dorsalis pedis segment, there were also strong positive associations with both systolic and diastolic blood pressure (0.02 m/s per mm Hg, 95% CI 0.004, 0.030, and 0.05 m/s per mm Hg, 0.03, 0.07, respectively), but with no other variable.
Systolic blood pressure was negatively related to gestation length (by -0.7 mm Hg per week; 95% CI -1.2, -0.1), but not diastolic. Both systolic and diastolic blood pressure increased with age, by 2 mm Hg per year (95% CI 0.5, 4.3) and 1 mm Hg per year (95% CI -0.08, 2.2), respectively. There was little evidence that blood pressure was related to any other variable listed above, but as expected, both systolic pressure and diastolic pressure were positively related to height, weight and BMI (data not shown) [19] .
There has been interest in the relationship between birth weight, diastolic and systolic blood pressure, and PWV [20] . We found a weak negative association between birth weight and systolic pressure (-1.5 mm Hg per kg, 95% CI -3.9, 1.0) but little evidence for diastolic pressure or for PWV over either the carotid-femoral or femoraldorsalis pedis segments [0.05 m/s per kg (-0.1, 0.2) and -0.03 m/s per kg (-0.3, 0.2), respectively]. Likewise, there was little evidence of association between these outcomes and other measures of birth size (birth length or birth weight SDS). Maternal Alcohol Intake and Child Anthropometry There was no evidence of association between maternal alcohol consumption and child weight, or BMI ( table 2 ). Children from the group exposed in utero to alcohol were 2.7 cm taller (p = 0.04) than those from the no alcohol group. However, at the time of measurement, children from the exposed group were older than the unexposed group, and this difference in height was attenuated to 1 cm (p = 0.3) after adjustment for child age and maternal weight close to delivery.
Maternal Alcohol Intake and Child Blood Pressure
Using unadjusted mixed-effects regression models, there was little evidence that either systolic or diastolic blood pressure was related to maternal alcohol intake ( table 3 ). After adjustment for potentially confounding factors (as detailed in table 3 , or after further adjustment for birth weight, gestation length, birth size, child height, weight or BMI, twin number or any of the potentially confounding variables), our findings were not materially changed.
Maternal Alcohol Intake and Child PWV In table 3 , we show that exposure to alcohol in the 2nd trimester of pregnancy was strongly positively related to PWV over the carotid-femoral segment: it was 0.3 m/s greater in exposed than in non-exposed children. The effect size was slightly attenuated after adjustment for child age, maternal weight and whether each parent had tertiary education ( table 3 ) , but was not further altered by adjustment for gestation length, any measure of size at birth, growth or current body size or BMI, sex of the child, or for any other of the potentially confounding factors listed above or in table 1 . After adjustment, the mean difference in carotid-femoral PWV between children exposed to alcohol and non-exposed children was approximately one third of a standard deviation.
Distribution of PWV values was close to normal, with the exception of one high outlier in the no alcohol group, identified using residual plots. Exclusion of this case strengthened the association between maternal alcohol intake and carotid-femoral PWV, and did not materially influence other associations.
The associations between maternal alcohol intake and PWV shown in table 3 were not attenuated by further adjustment for systolic blood pressure: the carotid-femoral PWV difference was 0. Furthermore, the findings described above were unchanged if we used the mean of all available PWV data in the models, rather than the mean of the first 2 measures, or if we adjusted for which of the 2 research assistants (who worked together) actually made the measurement.
We also analysed our data using recorded maternal alcohol intake in the 1st and 3rd trimesters. For 3rd trimester drinking, our findings were not materially changed from those shown in table 3 . For alcohol intake in the 1st trimester, the relationship with PWV over the carotid-femoral segment was weaker. The unadjusted difference was 0.3 m/s (95% CI 0.08, 0.48; p = 0.007) and the adjusted difference was 0.2 m/s (95% CI -0.02, 0.37; p = 0.08).
Duration of Breast-Feeding and Child PWV Breast-feeding duration values were skewed and values ranged from zero (no breast-feeding) to 42 weeks. We Table 3 . The relationship between maternal alcohol consumption in the 2nd trimester of pregnancy and child blood pressure and PWV at 9 years. Regression coefficients (CI) are from mixed-effects regression models and represent the 'effect' of a mother drinking alcohol vs. abstaining (n = 294 for blood pressure and n = 289 for PWV) found no evidence that breast-feeding duration differed between women who drank alcohol versus those who abstained [median (IQR) 4 months (0, 10) and 3 months (0, 9), respectively, p for difference 0.8, by rank-sum test].
Children were categorised into 4 approximately equal groups: not breast-fed (group 1, n = 82), breast-fed for 1-3 weeks (group 2, n = 74), breast-fed for 4-10 weeks (group 3, n = 72) or breast-fed for 11+ weeks (group 4, n = 66). There was little evidence that the duration of breast-feeding was related to carotid-femoral PWV (p = 0.2 by ANO-VA). However, femoral-dorsalis pedis PWV was positively related to breast-feeding duration (p = 0.02 by ANO-VA). Mean values were 7.1 m/s (SD 1.2) in group 1 children, 7.4 m/s (1.3) in group 2, 7.5 m/s (1.2) in group 3 and 7.7 m/s (1.1) in group 4.
When we additionally included duration of breastfeeding in the regression models shown in table 3 , as either a continuous variable or categorised as above, the association between maternal alcohol consumption and both measures of PWV was unchanged.
Discussion
We found that maternal alcohol consumption during pregnancy was associated with faster transmission of the pulse pressure wave between the carotid and femoral arteries at 9 years of age, indicating increased stiffness of the aorta. This association was independent of child systolic and diastolic blood pressure, neither of which was influenced by maternal alcohol intake; therefore, not mediated via any influence on blood pressure. We also found very weak evidence of decreasing stiffness in the group exposed to alcohol over the peripheral arterial segment (between the femoral artery in the groin and the dorsalis pedis artery).
We do not know why there might be an association between maternal alcohol intake and child PWV just over the aortic segment. However, the unit of compliance comprises a contribution from tissue matrix (e.g. collagen, elastin, proteoglycans) and tissue elements (vascular smooth muscle), and the contribution of smooth muscle versus matrix to vessel compliance differs considerably between conduit vessels such as the aorta versus muscular vessels like those in the femoral-dorsalis pedis segment. The thoracic aortic wall contains around 40% elastin, which is also a major component of the abdominal aorta and carotid and coronary arteries, increasing the elastic properties of these vessels [21] . Elastin is laid down mainly during development, which may make it vulnerable to intrauterine insult, and its longevity means that perturbations in pregnancy would likely persist throughout life [22] . Elastin content is roughly proportional to vessel radius [23] , so there is less in the walls of peripheral vessels. Conversely, peripheral arteries can have a very thick layer of smooth muscle. Thus, the contractile state of smooth muscle (of which the vascular endothelium is a prominent regulator) has a relatively greater role in vessel biomechanics in these vessels than in conduit vessels. It is possible that alcohol exposure in utero affects vascular function via more than one mechanism: one adversely affecting development of the tissue matrix and resulting in a stiffer aortic segment, and another that acts via a mechanism involving vascular endothelium and/or smooth muscle to increase compliance in smaller vessels. If this were the case, it could explain the different findings for the aortic versus peripheral segments.
In studies of adults, the direction of the effect of alcohol on PWV is somewhat inconsistent. Excessive alcohol consumption was associated with increased arterial stiffness in people with normal blood pressure [9] , though this study is difficult to interpret because compliance was measured between the brachial artery and ankle, a combination of central and peripheral vessels. Conversely, a study of young men and women showed that moderate alcohol intake was associated with lower PWV over the carotid-femoral segment [6] . Effects of acute and chronic alcohol intake have also been shown to differ, with the former reducing and the latter increasing vessel stiffness [24] . Alcohol acutely stimulates production of the vasodilator nitric oxide production [25, 26] , which would likely reduce stiffness. On the other hand, alcohol may enhance production of endothelin [27] , which potently induces vasoconstriction, atherogenesis and inflammation, and alcohol-treated rats have an enhanced pressor response to endothelin-1 [27] .
There is evidence from rat studies that exposures during gestation can affect aortic wall development. A brief period of growth inhibition about two thirds of the way through rat pregnancy, a period of fetal life when cellular growth in the developing aortic wall is rapid, led to a persistent reduction in the total content of elastin [28] and an increase in the collagen-to-elastin ratio [29] . Recent studies have shown that aortic wall thickness and elastin content were reduced in the offspring of rat dams fed a low-protein diet [30] or given extremely high doses of vitamin D [31] . Furthermore, a study of sheep demonstrated that intrauterine exposure to alcohol affected cerebral arteriolar dilator responses to vasoactive intestinal peptide in adulthood, indicating that fetal alcohol exposure can lead to persistent changes in vascular function [32] . However, to our knowledge, there are no published data on alcohol exposure in gestation and aortic development, apart from a study of zebrafish [33] .
We, like Iveli et al. [5] , found no evidence that low maternal intake of alcohol was associated with offspring birth weight. Further, we found little evidence of association between birth weight and blood pressure, or either measure of PWV.
There was a high correlation between reported alcohol intake in each of the 3 trimesters, and given that data were collected in the immediate postnatal period, we cannot be certain that women were able to recollect accurately their intake for the 3 trimesters separately. However, recall in the immediate postnatal period with respect to mid-to-late gestation is likely to be reasonably reliable and perturbations during this period have been shown to affect elastin formation in fetal rats and sheep.
Our data suggest that a low level of prenatal alcohol exposure may have a long-term (and possibly permanent) effect on vascular function. We found an approximately one third SD difference in PWV over the aortic segment between exposed and non-exposed children. If this were to persist into adulthood, it could be of clinical significance. In a Danish study of 40-to 70-year-olds [13] , each 1 SD increment in aortic PWV increased the risk of a cardiovascular event (cardiovascular mortality, and fatal or nonfatal coronary heart disease) by 16%.
These findings should be regarded as preliminary and not definitive. Given the limited variation in maternal alcohol intake, we were unable to investigate whether there may be a threshold or dose-response relationship. Our findings require confirmation in other cohorts with detailed measures of factors like current exercise, dietary intake and alcohol intake, preferably with a greater degree of variation in maternal intake than we observed. Measures of heart rate and vessel diameter at the time of measurement, both of which affect PWV, would also be important.
